The incorporation of [32Plinorganic phosphate into membranous, myofibrillar, and cytosolic proteins was studied in Langendorff-perfused guinea pig hearts treated with phorbol 12-myristate 13-acetate (PMA) or 1,2-dioctanoylglycerol (D8G), which are potent activators of protein kinase C. Control hearts were perfused with an inactive phorbol ester (4c-phorbol 12,13-didecanoate), which does not cause activation of protein kinase C. To ensure the blockade of different receptor systems, the perfusions were carried out in the presence of prazosin, propranolol, and atropine. Perfusion of hearts with either PMA (4 AM) or D8G (200 ,uM) T he dynamics of myocardial contractility are regulated by a number of physiological interventions involving "second messengers" in the cell interior. Calcium, cyclic AMP (cAMP), inositol 1,4,5-trisphosphate, and 1,2-diacylglycerol are all thought to be potentially important second messengers in the heart. The levels of calcium vary during the contraction-relaxation cycle, and this would reflect changes in the properties of various Ca2-binding proteins and thus, changes in contractility. The levels of cAMP may be modulated by ,Badrenergic agents, leading to changes in the activation state of cAMP-dependent protein kinase(s) and phosphorylation of intracellular proteins.1-3 The levels of inositol 1,4,5-trisphosphate and 1,2-diacylglycerol may be modulated by a,-adrenergic agonists, leading to activation of protein kinase C and phosphorylation of intracellular proteins. cAMP-dependent phosphorylation of cardiac proteins has been studied for several years, and evidence from in vitro and in vivo studies indicates that substrates for the cAMP-dependent protein kinase in heart include the 15-kDa sarcolemmal phosphoprotein, phospholamban in sarcoplasmic reticulum (SR), and troponin I and C protein in myofibrils.'-3 All of these proteins have also been shown to be substrates for protein kinase C in vitro,5-8 but there is relatively little information regarding their phosphorylation in the intact heart. In one study,9 partially depolarized beating rat hearts were used, and stimulation with an a agonist (phenylephrine) resulted in increased phosphorylation of the 15 -kDa protein in sarcolemma. In another study,10 cultured neonatal rat heart myocytes were used, and treatment with the phorbol ester 12-O-tetradecanoylphorbol 13-acetate was associated with increases in the phosphorylation of proteins with M, 32,000 and 83,000.
Phospholamban and Troponin I Are Substrates for Protein Kinase T he dynamics of myocardial contractility are regulated by a number of physiological interventions involving "second messengers" in the cell interior. Calcium, cyclic AMP (cAMP), inositol 1,4,5-trisphosphate, and 1,2-diacylglycerol are all thought to be potentially important second messengers in the heart. The levels of calcium vary during the contraction-relaxation cycle, and this would reflect changes in the properties of various Ca2-binding proteins and thus, changes in contractility. The levels of cAMP may be modulated by ,Badrenergic agents, leading to changes in the activation state of cAMP-dependent protein kinase(s) and phosphorylation of intracellular proteins.1-3 The levels of inositol 1,4,5-trisphosphate and 1,2-diacylglycerol may be modulated by a,-adrenergic agonists, leading to activation of protein kinase C and phosphorylation of intracellular proteins.4 cAMP-dependent phosphorylation of cardiac proteins has been studied for several years, and evidence from in vitro and in vivo studies indicates that substrates for the cAMP-dependent protein kinase in heart include the 15-kDa sarcolemmal phosphoprotein, phospholamban in sarcoplasmic reticulum (SR), and troponin I and C protein in myofibrils.'-3 All of these proteins have also been shown to be substrates for protein kinase C in vitro,5-8 but there is relatively little information regarding their phosphorylation in the intact heart. In one study,9 partially depolarized beating rat hearts were used, and stimulation with an a agonist (phenylephrine) resulted in increased phosphorylation of the 15 -kDa protein in sarcolemma. In another study,10 cultured neonatal rat heart myocytes were used, and treatment with the phorbol ester 12-O-tetradecanoylphorbol 13-acetate was associated with increases in the phosphorylation of proteins with M, 32,000 and 83,000.
The present study was initiated to examine further the role of protein kinase C in intact hearts. A phorbol ester and a cell-permeable diacylglycerol analogue," both of which have been shown to be activators of protein kinase C in vivo, were used. Administration of these activators to perfused beat-ing hearts was associated with 1) dose-dependent changes in left ventricular inotropy and relaxation, 2) increases in the phosphorylation of a 28-kDa cytosolic protein, and 3) no changes in the phosphorylation of major phosphoproteins in the mammalian heart (phospholamban, troponin I, and C protein), although these proteins could serve as substrates for protein kinase C in vitro.
Methods

Heart Perfusion
Hearts from anesthetized (30 mg/kg sodium pentobarbital) and heparinized (500 units/kg) Hartley guinea pigs were excised and cannulated for retrograde aortic perfusion as previously described. 
In Vitro Phosphorylation Assays
The different cellular fractions (myofibrils, cytosol, and membranes enriched in SR) were isolated from guinea pig hearts perfused with nonradioactive buffer as described above. Proteins (150-200 ,g) were phosphorylated at 300 C in a final volume of 100 gl using the following reaction conditions: 30 mM TrisHCl, pH 7.0; 5 mM MgCl2; 0.5 mM EGTA; 10 mM dithiothreitol; 10 mM NaF; 0.1 mM [y-32P]ATP (800-1,000 cpm/pmol); and purified protein kinase C (10 gg protein/ml). Assays were performed in the presence of CaCl2 (1 or 10 ,M Ca2+) and in the presence and absence of 10 ,g phosphatidylserine and 4 gM PMA. Reactions were stopped after 5 minutes by the addition of 50 ,ul of a solution containing 0.12 M Tris-HCl, pH 6.8; 4% sodium dodecyl sulfate; 20% glycerol; and 10% mercaptoethanol. In some experiments, the samples were divided into two parts, and one part was heated at 1000 C for 5 minutes before electrophoresis, while the other part was kept at room temperature.
The protein kinase C preparation used in these studies was isolated from human platelets14 and was a generous gift from Dr. Ervin Kattelman, Department of Pharmacology and Cell Biophysics, University of Cincinnati. The activity used in the phosphorylation assay was sufficient to catalyze the incorporation of 100-120 pmol of 32Pi from [y-32P]ATP into lysine-rich histone per minute. The purified protein kinase C enzyme was dependent on exogenous calcium, and only a minimal (basal) activity was observed in the presence of 0.5 mM EGTA, even when PMA and phosphatidylserine were added. Under our assay conditions (in the absence of detergents), phosphorylation of the membrane vesicular and cytosolic fractions by the endogenous protein kinase C activity was negligible.
Gel Electrophoresis
Polyacrylamide gel electrophoresis under denaturing conditions was performed according to Laemmli15 using 12% and 5-20% gradient slab gels. The proteins labeled with 32Pi were identified by autoradiography and then cut from the gels and counted for radioactivity. Phosphate incorporation into these proteins was quantified by dividing the 32p incorporation in each band by the specific activity of [y-3 P]ATP and was expressed as picomoles of Pi incorporated per milligram protein loaded onto the gel lane. Specific radioactivities of the perfused hearts were determined according to Kopp and Barany16 ; the values (mean±SEM, counts per minute/picomole of ATP) were 10.3+ 1.0 (n=6) for controls, 10 .7+1.7 (n=6) for PMA (4 ,uM)-perfused hearts, 11.6 (n =2) for D8G (200 ,M)-perfused hearts, and 11.8+1.3 (n=4) for isoproterenol (0.1 ,M)-perfused hearts.
Other Procedures
Protein kinase C activity was assayed by the method of Yuan et al,1" using lysine-rich histone as substrate. The protein kinase C activity associated with the cytosolic or the sarcolemmal-enriched membrane fraction from guinea pig hearts perfused with nonradioactive buffer was unmasked by incubating the samples with Triton X-100 for 60 minutes on ice. The optimal detergent-to-protein ratio (wt/wt) was 2.0 for the membrane fraction and 1.2 for the cytosolic fraction. Protein kinase C activity represents the difference in kinase activities obtained in the presence of 0.5 mM CaCl2 (0.25 mM free Ca2), 10 ,ug phosphatidylserine, and 4 gM PMA, and in the presence of 0.5 mM CaCI2 alone.
Protein was measured by the method of Peterson,17 using bovine serum albumin as standard. Tissue inositol 1,4,5-trisphosphate and cAMP levels were determined using specific assay kits (inositol 1,4,5-trisphosphate [3H] assay system and cAMP [3H] assay kit, Amersham Corp., Arlington Heights, Ill.).
Results
In Vitro Phosphorylation of Cardiac Proteins by Protein Kinase C Proteins associated with SR-enriched membrane vesicles, myofibrils, and cytosol, isolated from guinea pig hearts, could be phosphorylated by exogenous protein kinase C in vitro (Figures 1 and 2 ). In the membrane fraction enriched in SR, phospholamban and a 62-kDa protein appeared to be the major proteins phosphorylated by protein kinase C. Phospholamban was partially phosphorylated even in the presence of 0.5 mM EGTA (Figure 1 ), in agreement with previous observations using canine cardiac SR. 18, 19 This calcium-independent phosphorylation was due to an endogenous kinase activity, because the levels of 32p incorporation were similar in the absence or presence of exogenous protein kinase C (data not shown). The degree of 32p incorporation into phospholamban was not significantly stimulated after inclusion of calcium (1 or 10 gM free Ca2).
However, in the presence of Ca', phosphatidylserine, and PMA, protein kinase C could stimulate the phosphorylation of phospholamban (Figure 1 , Table 1 ). In parallel experiments, the phosphorylation of phospholamban could also be stimulated approximately 2.3-fold in the presence of the catalytic subunit of cAMP-dependent protein kinase (data not shown).
In the myofibrillar and cytosolic fractions, only a minimal basal phosphorylation was observed in the presence of 0.5 mM EGTA, which did not significantly increase in the presence of calcium. However, on activation of protein kinase C, all major phosphoproteins in the myofibrils (troponin I, troponin T, and C protein) became phosphorylated (Figure 2 , Table 1 ). Activation of protein kinase C was also associated with significant 32p incorporation into various (28-, 49-, and 101-kDa) cytosolic proteins.
In Situ Phosphorylation of Cardiac Proteins by Protein Kinase C To determine whether the proteins phosphorylated by protein kinase C in vitro could also serve as substrates for this enzyme in vivo, intact beating hearts were perfused with PMA or a diacylglycerol analogue, both of which have previously been shown to be activators of protein kinase C in vivo." Perfusion of guinea pig hearts with PMA and D8G was associated with a dose-dependent negative effect of left ventricular inotropy and relaxation as measured by + dP/dt and -dP/dt, respectively (Table 2) . PMA exerted a dose-dependent negative chronotropic effect, whereas D8G did not significantly change the heart rate up to concentrations of 200 gM ( (Table 3) . Under these conditions, both drugs elicited a significant negative effect on cardiac function within 2 minutes (data not shown). Isoproterenol was also used as a positive control in these studies (Table 3) , because the effects of this agonist on protein phosphorylation have been previously reported by several laboratories.1-3 Perfusion with PMA or D8G was not associated with significant increases in the phosphorylation of phospholamban, troponin I, C protein, or myosin P light chain.
Furthermore, phosphorylation of these proteins was examined during the time course (1, 2, 4, and 12 minutes) of infusion with various concentrations (0.1, 0.25, and 5 gM) of PMA. No significant changes were observed in the degree of 32P incorporation into phospholamban, troponin I, or C protein compared with the basal (control) phosphoprotein levels. However, in parallel experiments, when guinea pig hearts were stimulated with isoproterenol, there were increases in the intracellular cAMP levels ( Table 2) and phosphorylation of troponin I, C protein, and phospholamban (Table 3 ). In a recent study, it was shown that phosphorylation of phospholamban under these conditions may be mediated by both cAMP-dependent and Ca2+-calmodulin-dependent protein kinases.20 Examination of 32p incorporation associated with the cytosolic fraction revealed that Different protein fractions (membrane vesicles enriched in sarcoplasmic reticulum, myofibrils, and cytosol) were isolated from guinea pig hearts and phosphorylated under various conditions in the presence of a purified protein kinase C preparation, as described in "Methods." When present, the concentrations were 10 ,ug for phosphatidylserine (PS) and 4 jM for phorbol 12-myristate 13-acetate (PMA). Protein kinase C-mediated incorporation was calculated by subtracting the 32P incorporation in the presence of Ca> (10 perfusion of the hearts with PMA or D8G was associated with small but significant increases in the phosphorylation of a 28-kDa protein ( Figure 3 , Table  3 ). However, it is possible that other low-abundance proteins also could have been phosphorylated in these hearts, but they may not be detectable by the technique used in this study. Examination of the cytosolic fraction from the isoproterenol-stimulated beating hearts revealed no apparent changes in the 32P incorporation into the 28-kDa cytosolic protein.
Examination of protein kinase C activity in guinea pig hearts perfused with nonradioactive buffer revealed that 4 ,uM PMA induced a redistribution of protein kinase C activity from the cytosolic to the membrane fraction (232±9 versus 180±+20 pmol Pi/ min/mg cytosolic protein and 119±10 versus 392±19 pmol PJ/min/mg membrane protein, in control versus PMA-perfused hearts [n=61). However, there were no significant changes in the total protein kinase C activity of the PMA-perfused hearts compared with control hearts. Furthermore, in vitro studies indicated that at 4 4.M PMA, both the cytosolic and the membrane-associated protein kinase C were maximally activated (data not shown). 
Discussion
In vitro studies have shown that various myocardial proteins purified from bovine and canine hearts may serve as substrates for protein kinase C. These proteins include phospholamban in SR,8 the 15-kDa sarcolemmal protein,5 and C protein,7 troponin I, and troponin T in the myofibrils.6 Additionally, several other minor membrane proteins were found to be phosphorylated to a lesser extent by protein kinase C in sarcolemmal preparations from dog21 and chick hearts.22 The present study shows that similar proteins isolated from guinea pig hearts may be phosphorylated by a PMA-stimulated protein kinase C system (Ca2 , phosphatidylserine, PMA, and purified protein kinase C) in vitro. However, when the same active phorbol ester (PMA) or a diacylglycerol analogue was used to activate protein kinase C in beating guinea pig hearts, there were no detectable increases in 32p incorporation into phospholamban and the myofibrillar proteins (C protein, troponin I, and myosin P light chain). The lack of observed phosphorylation of these proteins in the perfused hearts exposed to PMA or D8G may indicate that protein kinase C was not activated. However, this phosphoprotein.
In summary, our findings with guinea pig hearts indicate that administration of phorbol esters or dipossibility is not likely for several reasons: 1) both acylglycerol analogues is associated with negative PMA and D8G are very potent activators of protein effects in inotropy and relaxation and with redistribukinase C," and the concentrations used were found tion of protein kinase C from the cytosolic to the to maximally stimulate the enzymatic activity in vitro; sarcolemmal fraction. Stimulation of protein kinase C 2) a redistribution of the protein kinase C activity activity in beating hearts was not associated with from the cytosolic to the membrane fraction was increases in 32P incorporation into the major cardiac observed in the PMA-perfused hearts, and this did phosphoproteins (phospholamban, troponin I, and C not occur in control hearts, which were perfused with protein), which can serve as substrates for this activity an inactive phorbol ester; 3) both PMA and D8G in vitro. The lack of phosphorylation may be due to produced negative effects on cardiac function and complex effects of protein kinases and phosphatases increased the phosphorylation of a 28-kDa cytosolic regulating SR and myofibrillar function, whereas the protein, whereas these changes did not occur in decrease in contractility may be due to effects at the control hearts perfused with the inactive phorbol level of sarcolemma or cytosol in the intact hearts. ester; and 4) the inositol 1,4,5 -trisphosphate levels in the PMA-or D8G-perfused hearts were significantly References decreased (Table 2) 
